The purpose of this paper was to estimate arteriovenous passage (AVP) times, taking into account the non-uniform distribution of arrival times over the vessel diameter, and assessment of respective differences between 15 normal controls (N), 30 primary open-angle glaucoma (POAG) and 30 normalpressure glaucoma (NPG) patients.
Introduction
Angiography can be regarded as the classic method for the investigation of the circulation anywhere in the human body. With the advent of fluorescein angiography, this method has become probably the most important method in ophthalmology for the evaluation of retinal-circulatory disturbances. In daily clinical use, fluorescein angiography supplies qualitative information on the circulation of the posterior pole. However, since the early days of fluorescein angiography attempts have already been made to create a quantitative analysis of the retinal circulation. Hickam and Frayser (1965) were the first to attempt to quantify retinal hemodynamics using dye build-up curves. Others followed using various imaging techniques, e.g. photographic (Bulpitt and Dollery, 1971) , video (Fonda and Bagolini, 1977 ; Heuven et al., 1977 ; Koyama et al., 1990 ; Suzuki, Sugihara and Kurimoto, 1992) or the scanning laser ophthalmoscope (Jung et al., 1983 ; Nasemann, Kantlehner and Kirsch, 1989 ; Wolf et al., 1993 ; Duijm, Van den Berg and Greve, 1997a) .
In general, the retinal arteriovenous passage (AVP) times are determined using the time lapse between the average arterial and venous arrival times. This time difference can be assessed through various estimates. Some methods use a log-normal approximation to describe the arterial and venous dye-curves, from which a theoretically average AVP time is estimated (Riva, Feke and Ben-Sira, 1978 ; Koyama et al., 1990) . Others have used the time of first appearance of the dye (Fonda et al., 1977 ; Koyama et al., 1990 ; Wolf et al., 1993 ; Duijm et al., 1997a) , the time of maximal fluorescence, or the time of a specific percentage of fluorescence, e.g. 50 percent of the maximal fluorescence (Koyama et al., 1990 ; Duijm et al., 1997a) . It is likely that all these different analyses have their own specific physiological significance. Methods using the very first moment of fluorescence are likely to reflect the shortest circulation path in the vascular bed. The values based on higher fluorescence intensities, e.g.75 %, may reflect more peripheral parts of the circulation (Koyama et al., 1990) .
Apart from technical, instrumental and analytical problems, in the first reports on quantitative as-0014-4835\99\080145j09 $30.00\0
# 1999 Academic Press F. 1. A schematic view of the hypothetical separation in the peripheral and central vascular bed, based on the stratification pattern in the vessels. sessment of the retinal circulation using angiography, the inhomogeneity of dye in the vessel is mentioned as a possible disturbing phenomenon (Hickam and Frayser, 1965) . Others have given a more quantitative approach of the differences over the vessel cross section (Goldmann, 1973 ; Riva et al., 1978) .
The spatial distribution of the arrival times within the cross section of a vessel is far from homogeneous. This is particularly recognizable through the early venous laminar flow pattern during fluorescein angiography : early filling can be found near the vessel walls and later in the center of the vessel. A reverse pattern, though less obvious, can be found in the arteries. In arteries, a more or less parabolic velocity profile exists and consequently blood in the center of arteries will arrive slightly earlier as compared to locations near the arterial walls.
Already in the first papers on fluorescein angiography, the laminar flow pattern and its origin have been discussed (Novotny and Alvis, 1961 ; Dollery, Hodge and Engel, 1962 ; Hickam and Frayser, 1965) . The laminar venous flow pattern is induced by differences in passage times. The blood near the wall of vein stems from the more central parts of the retina. Blood of the axial part of the vein is thought to come from more peripheral parts of the retina. Consequently, the appearance times in veins depending on the measurement location in the vein reflect very different passage times, due to the very different path lengths in the retina. In the arteries it may be assumed that blood in the axial part of the vessel will be transported to more peripheral parts of the retina, whereas blood near the vessel walls will flow to more central parts of the retina.
This heterogeneity of arrival times can be used for further delineation of arteriovenous passage (AVP) times. As illustrated in Fig. 1 , the differentiation between axial and juxtamural locations within the vessel, theoretically, allows a differentiation between the AVP time of the more central vascular bed (peripapillary and macular area) and the AVP time of the more peripheral retinal bed.
In the present study the spatial differences of arrival times over the vessels, especially their effects on the determination of retinal AVP times are analyzed. This enables the afore-mentioned separation in axial and juxtamural AVP times. The results of this analysis in normal-pressure glaucoma and primary open-angle glaucoma patients and normal subjects are presented. It has been reported before that the AVP time is prolonged in POAG patients (Wolf et al., 1993 ; Duijm et al., 1997a) . The discrimination between axial and juxtamural passage times, theoretically reflecting the central and peripheral retinal vascular beds, may provide more insight in the location of vascular alterations.
Patients and Methods

Patients
The study was approved by the Medical Ethical Committee of the Academic Medical Center. Informed consent was obtained from all patients and volunteers. In this study, 72 glaucoma patients from the outpatient clinic of the Glaucoma Center of the Academic Medical Center participated. Twenty accompanying persons and staff members were asked to participate as normal, healthy subjects.
Subjects were not included in case of lenticular or corneal disease (precluding fluorescein angiography), diabetes mellitus, severe cardiovascular disorders, history of allergy or known allergy to fluorescein or filtering surgery. Patients were classified as primary open-angle glaucoma (POAG) or normal-pressure glaucoma (NPG), in case of open angles examined by gonioscopy, glaucomatous cupping of the disk, glaucomatous visual field defects (using the 30-2 program of the Humphrey Field Analyzer) and if other reasons, e.g. secondary glaucoma, could be excluded. Glaucoma patients were diagnosed as POAG if the mean intraocular pressure (IOP) derived from a tonometric day curve was greater than 21 mm Hg. The diagnosis of NPG was based on an average IOP smaller than 21 mm Hg. Inclusion criteria for normal subjects were : no history of ocular diseases, normal findings of the slitlamp examination, ophthalmoscopy and normal intraocular pressure (IOP 18 mm Hg), ophthalmoscopy.
Angiography
The angiographical technique and parts of the image analysis have been described in detail elsewhere (Duijm et al., 1997a (Duijm et al., , 1997b . In short, tropicamide 0n5 % was used for mydriasis. One and a half milliliters of sodium fluorescein 25 % was injected into a catheterized antecubital vein (21 G butterfly needle). The fluorescein angiograms were recorded on super-F. 2. An example of the locations of the two artery-vein pairs. Only pixels actually overlying the vessel are used to calculate the arteriovenous passage time.
VHS video tape (Panasonic AG-7350) using Rodenstock scanning laser ophthalmoscope. The pictures were centered around the disk. After the angiogram the IOP and blood pressure were measured ; the ocular perfusion pressure was defined as :
Analysis
The angiogram was digitized into 100 pictures (spatial resolution : 380i228 pixels ; temporal resolution varying from 1 picture second −" to a maximum of 5 pictures second −" ). The pictures were automatically aligned using software as described previously (Appledorn, Oppenheim and Wellman, 1980) . Interactively, four regions of interest of 16i16 pixels, (ROI) were chosen near the disk (within approximately 2 disk diameters from the center of the disk) overlying large retinal vessels ; because of the relative crowding of vessels, the ROIs were not located near the disk rim (Fig. 2 ). They were located in such a way that in both the superior and inferior temporal quadrant, an arteryvein pair was obtained. The measurements may be influenced by the location of the ROIs. However, the standard deviation of the location of the ROIs is on average 0n017 disk diameter, corresponding to a time lapse of 0n046 seconds ; this variation when compared to the arrival times, which are in the range of 17n5 seconds, is rather small (Wolf et al., 1993) . As there exists a relatively high velocity in arteries and veins as compared to the capillaries, the influence on the arteriovenous passage time will be small.
F. 4. Schematic overview of the construction of the cross sections of arrival times. The white pixels are the pixels actually overlying the vessel. The grey pixels in the middle of the vessel represent the pixels after ' skeletonizing ', and are used for locating the straight line through the center of the vessel. The smaller rectangular regions parallel to the straight center line are used to calculate an arrival time cross section of the vessel.
By means of software, using the level of maximal fluorescence, pixels actually overlying the analyzed vessel in the region of interest were determined (usually approximately 80 pixels). For each of the 4i80 pixels, a dye build-up curve (fluorescence intensity versus time) was constructed. For each of the dye curves several parameters were calculated : the minimal, maximal and difference fluorescence intensities (F min , F max , F dt ), the time of maximal fluorescence (T max ) and the times at which certain percentages of F dt were reached : T p with p l 10, 50, 90 % (Fig. 3) . For each region of interest these parameters were averaged, only taking values from the 80 pixels actually located on the vessel.
To study the spatial distributions of the arrival times in the arteries T p,a and veins T p,v a profile of arrival times across the vessel was constructed. The center of the vessel was determined by skeletonizing pixels overlying the vessel in the region of interest. In Fig. 4 , white pixels indicate pixels overlying the vessel, and grey pixels in the center of the vessel indicate the skeleton of the vessel. Through these skeleton pixels in the region of interest a straight line was fitted. Average T p values were calculated as a function of distance from the straight center line. The stripe-shaped averaging areas are schematically indicated in Fig. 4 . Thus, for all afore-mentioned parameters a distribution is calculated perpendicular to the axis of the vessel. In Fig. 5 , examples are given for the cross section distribution of T p values of an artery and a vein. Each vessel was divided into three parts of the vessel diameter : a central one-third-axial, and two peripheral one-thirds-juxtamural.
The spatial resolution limits the analysis of cross sections. Vessel diameters smaller than 6 pixels were excluded from the analysis. In such vessels the cross sectional analysis is less reliable because central and peripheral parts cannot be clearly separated. Therefore, the results of 5 controls, 5 POAG and 7 NPG patients were excluded from the original population. In the following, the results of 15 controls, 30 POAG patients and 30 NPG patients are presented.
To determine the retinal arteriovenous passage (AVP) times, the arterial times T p,a are subtracted from the corresponding venous T p,v values, resulting in ∆T p . Arteriovenous passage times are calculated for three intensity levels, 10, 50 and 90 percent of F dt . The AVP times were calculated for the total of all vessels pixels, ∆T p,all , as well as for the axial and juxtamural parts of the vessels, ∆T p,axi , and ∆T p,jxm respectively.
Statistical Analysis
For evaluation of the differences between study groups non-parametric statistical tests were used. To examine the differences in model parameters between patient groups, the Kruskal-Wallis analysis of variance (ANOVA) by ranks and the Mann-Whitney U test (MWU) were used. NPG patients as compared to the POAG patients. Furthermore all POAG patients received topical medication, whereas only half of the NPG patients received topical antiglaucomatous medication. The controls tended to be younger ; however, correlation analysis of age on the arteriovenous passage times and other parameters showed that age did not have a significant influence. Moreover, analysis of age-adjusted parameters showed approximately the same differences between the groups. Therefore, age influences were not taken into account. It is noted that the axial T p,a/v,axi and juxtamural T p,a/v,jxm are estimated from approximately 25 and 50 dye build-up curves respectively. In the case of, e.g., T "!,a,axi/jxm the standard deviations are approximately 0n6-0n7, corresponding to standard errors of 0n1 and 0n09 for axial respectively juxtamural arrival times, whereas the latter are in the order of 18-19 seconds. Thus, by the relatively large averaging areas, parallel to the axis of the vessel, as indicated in Fig. 4 , low standard errors are obtained.
Results
In each patient two artery-vein pairs are analyzed : one pair is located on the superior and the other is located on the inferior temporal vascular arcade. For each of the pairs 3i3 AVP time are calculated : (for the juxtamural thirds) of the vessels. Since there proved to be no statistically significant difference between superior and inferior locations, only average values are presented. In Table II the average values and standard deviations for the AVP times are given for the three study groups : the overall AVP times, ∆T "!...*!,all the juxtamural AVP times, ∆T "!...*!,jxm and the axial AVP times, ∆T "!...*!,axi . Significant differences exist between the study groups for all AVP times (KW ANOVA P 0n01). The results of the MWU showed that, compared to controls, all APV times (excluding ∆T "!,axi ) were significantly longer in the POAG group (MWU P 0n03). Compared to the NPG group, all AVP times were significantly longer in the POAG group as well (MWU P 0n03). There were no significant differences between controls and NPG patients. The differences between normal subjects and primary open-angle glaucoma patients are most prominent when the axial AVP times are compared. From Table II it appears, as expected, that the juxtamural AVP times are significantly shorter than the axial AVP times. Moreover, AVP times increase when the fraction of fluorescence intensity, used for T p is increased.
In Table III the time difference ∆T *! k∆T "! for the overall, juxtamural and axial AVP times is given. Though this difference is twice as large in the POAG group as compared to normals and NPG patients, this difference reached only borderline significance for the axial AVP times.
In Table III the ratio ∆T p,axi \∆T p,jxm for p l 10, 50 and 90 % is also given. No significant differences exist in these ratios between the groups ; on the contrary, the ratios are rather constant.
There exist rather weak correlations between the various arteriovenous passage times and the IOP and to a lesser extent with the perfusion pressure (correlation coefficients ranging from 0n29-0n43). Naturally, as follows from the definition of the study groups, there exists a difference in IOP and perfusion pressure. The influence of the IOP and perfusion pressure on the arteriovenous passage times were investigated by analysis of variance after adjustment using the regression between e.g. IOP and studied arteriovenous passage time. ANOVA showed that the differences between the study groups could not be attributed to differences in IOP or perfusion pressure.
Discussion
Fluorescein-video-angiography and subsequent analysis of dye curves of arterial and venous locations enable estimation of retinal arterial-venous passage times. Comparing the results of controls and patients with POAG and NPG, it appears that, as reported before, AVP times are particularly slow in POAG patients (Wolf et al., 1993 ; Duijm et al., 1997a) . The results show that the spatial distribution of the arrival times over the vessel cross section may profoundly influence the estimated arteriovenous passage times. The comparison of juxtamural and axial AVP times show that juxtamural AVP times are considerably shorter.
In most studies, no explicit differentiation is made with regard to the nonuniformity of the flow patterns across the vessel cross section. Riva and co-workers theoretically showed that circular regions of interest, slightly larger than the vessel diameter (thus accounting for the nonuniformity), would give reliable results of an average AVP time (Riva et al., 1978) .
The heterogeneity of arrival times may be used for the calculation of regional AVP times (of the peripheral and central retina). A basic assumption is that blood from a given area of the posterior pole has a preference for a certain position within the vessel cross section. The laminar flow pattern in the veins supports this concept as during venous filling stratification of the flow within the larger veins is usually apparent. Already after a very small time lapse after the appearance of the dye in the arteries, a small fluorescent stream, originating from smaller venules entering near the disk can be seen in larger veins. These streams tend to maintain a juxtamural location in the veins towards the disk. It is likely that these streams (small bands of dye) represent blood traveling the shortest pathways from the arteries to the veins. This part of the blood, traveling the shortest pathways available, is likely to originate from arterial locations near arterial vessel walls. On the other hand, blood located in the axis of larger arteries is likely to be transported to more peripheral parts of the retina. Consequently, this blood will appear in the more axial parts of veins. Therefore, it seems plausible to compare the arrival times of juxtamural parts of arteries with juxtamural arrival times in veins, and vice versa, axial arterial arrival times with axial venous arrival times.
However, there are some disturbing factors. First of all, the stratification pattern may be more complex : in some cases a number of individual streams can be observed, sometimes also in the center of a vein. This will interfere with the concept that the blood from peripheral retinal locations will be located in the center of the vessel.
Another complicating factor is that the flow pattern in the retinal vessels will be three dimensional. Angiography gives of course only two dimensional information. Yet, since the venules enter the veins in a more or less parallel plane, the stratification pattern will consist of bands approximately perpendicular to the retinal plane. Consequently, the two dimensional view of angiography will provide an adequate view of the stratification (Riva et al., 1978) .
The results show that it is possible to estimate AVP times based on discrete positions within the vessel cross section. Theoretically, as illustrated in Fig. 1 , the ∆T "!...*!,axi (calculated from the axial parts of the vessels) will reflect the passage time of blood with longer pathways, presumably of the peripheral retina ; similarly, the ∆T "!...*!,jxm (calculated from the juxtamural parts of the vessels) will reflect the passage time through a shorter vascular bed, presumably of the central retina. The AVP times derived from juxtamural and axial parts of the vessel diameters are clearly different as expected : the ∆T "!...*!,jxm AVP times (representing the central retina) are considerably smaller than the ∆T "!...*!,axi AVP times (representing the peripheral retina).
To investigate the relation between the central vascular bed and the peripheral vascular bed, the ratios ∆T &!,axi \∆T &!,jxm have been calculated (Table III) . These values are, on average, remarkably constant for the three study groups : for normals, POAG and NPG patients 1n52, 1n56 and 1n61 respectively. In other words, there exists a relatively fixed ratio between the central and peripheral vascular beds in terms of passage times. This fixed center-periphery relation is not influenced by the type of glaucoma, such as POAG or NPG.
Apart from the division between center and periphery, the difference between ∆T *! , ... and ∆T "! , ... also reflects a part of the time distribution in the vascular bed. It is plausible that the AVP time, based on an early moment of dye appearance, e.g. ∆T "!,... , reflects the shortest passage time in the bed. AVP times based on higher fluorescence intensities, e.g. ∆T *!,... , are apt to reflect more peripheral parts of the circulation (Koyama et al., 1990) . Therefore, the time difference ∆T *! k∆T "! may be used as a measurement of the spread or width of the distribution of passage times. From Table III , it appears that the POAG patients have a larger spread in passage times, particularly the axial AVP time difference ∆T *!,axi k∆T "!,axi , is approximately two times larger as compared to normals and NPG patients : 1n50 vs. 0n74 seconds in normal subjects and 0n88 seconds in NPG patients. For the overall and juxtamural AVP times approximately the same holds.
The retinal AVP time, ∆T, reflects the time needed for a certain volume ∆V, to travel a certain pathway ∆d. What inferences can be drawn from a longer AVP time ? First of all, if there is a lower blood flow, e.g. because of an increased vascular resistance, the arteriovenous passage time will be longer. Another speculation would be that if the vascular bed is larger, the AVP time will also be longer.
From Apart from a decreased blood flow, the wider distribution of AVP times might be due to a local change in the vascular bed. If the volume of the vascular bed is increased, e.g. under the influence of autoregulatory mechanisms, prolonged AVP times may be found as well. On the other hand, one could speculate that local vasoconstriction of e.g. arterioles causes these longer AVP times. Changes of the vascular bed have been reported in glaucoma. Generalized reduction of the retinal vessel diameters with chronic glaucomatous disease has been found (Jonas, Gusek and Naumann, 1988 ; Anderson, 1992) , as well as more frequent localized narrowing of peripapillary arteries in glaucoma patients (Rader, Feuer and Anderson, 1994) . Degeneration of capillaries has also been found (Henkind, 1967) . Capillary collapse under the influence of high IOP has been mentioned as a pathogenetic mechanism (Hamasaki and Fujino, 1967) . These and possibly other unknown mechanisms might account for an increased vascular resistance in POAG patients. Apart from the changes, intravascular factors such as increased blood viscosity may play a role. Increased blood viscosity has been found in POAG patients and, particularly in combination with altered vascular structure, this may also cause increased resistance. Furthermore, retinal autoregulation may be impaired in glaucoma (Anderson, 1992 ; Hayreh, 1992) . The increased vascular resistance in the POAG patients might be generalized, since the ratio ∆T &!,axi \∆T &!,jxm is rather constant between the study groups. From  Table III it appears that the largest differences between normal subjects and POAG patients can be found if axial AVP times are compared : for ∆T &!,axi there exists a difference of 1n23 seconds. Therefore the measurement of axial AVP times may prove to be the preferred method.
It is noted that the AVP time reflects passage times ; as blood flow has the unit volume over time, and no information on the volume aspect of blood flow is provided, extrapolations from AVP times to blood flow are speculative. Both decreased blood flow and increased volume may cause prolonged AVP times. However, at present, no method is available to measure ocular blood flow in humans ; a combination of methods may be used to unravel the described changes.
In summary, the analysis of the spatial distribution of arrival times over the vessel cross section can be used for the determination of central and peripheral retinal AVP times ; analysis of AVP times based on the first moments of fluorescence and on the moment of approximately maximal fluorescence, may provide insight into the distribution of passage times. In POAG patients the distribution of AVP times is widened and on average the AVP time is prolonged. It is postulated that this might be the result of a low average blood flow caused by local vascular changes, or a larger vascular volume. The nature of these changes and the underlying mechanisms is at present unknown.
